In this study, we investigated the hypothesis that photobiostimulation by low-energy laser therapy (LLLT) applied to the bone marrow (BM) of myocardial infarcted rats may attenuate the scarring processes that follow myocardial infarction (MI). Wistar rats underwent experimental MI. LLLT (Ga-Al-As diode laser) was applied to the BM of the exposed tibia at different time intervals post-MI (4 hrs, 48 hrs and 5 days). Sham-operated infarcted rats served as control. Infarct size was significantly reduced (55%) in the laser-treated rats as compared to the control non-treated rats, at 2 weeks post-MI. A significant 3-fold increase was observed in the density of desmin immunopositive stained cells 14 days post-MI in the infarcted area of the laser-treated rats as compared to the non-laser-treated controls. The electron microscopy from the control infarcted rat hearts revealed a typical interphase area between the intact myocardium and the infarcted area, with conspicuous fibroblasts with collagen deposition dispersed among them. In rats that were laser treated (to BM), the interphase zone demonstrated cells with different intracellular structures. There was also a significant increase in the percentage of c-kit positive cells and macrophages in the circulating blood of the laser treated rats as compared to control non treated ones. In the majority of the cells clusters of myofibrils anchored to well-developed Z-lines and structures resembling the morphological characteristics of mature intact cardiomyocytes were evident. In conclusion, LLLT to the BM of rats post-MI induces cardiogenesis mainly at the borders of the infarcted area in the heart.
INTRODUCTION
Regenerative capacity and mitotic activity in the heart are confined mainly to the lower vertebrates [1] . Amputation of ~20% of the zebrafish's ventricular myocardium resulted in full regeneration without scarring [2] . In amphibians, heart injury was associated with increased cell proliferation of myocytes and enhanced regeneration [3] . The adult mammalian heart was traditionally considered to be a post-mitotic organ with terminally differentiated cardiac myocytes. However, this dogma has recently been challenged by several studies and reviews [4] [5] [6] [7] [8] . These studies have suggested that cardiac myocytes are replaced throughout the lifespan even in the human heart, and that myocytes can regenerate from resident cardiac progenitor cells (CPC) as well as from bone marrow (BM). Studies in human infarcted hearts have shown evidence of cytokinesis of cells in the heart and evidence of cardiac stem cells that are activated in response to ischemic injury. This growth response is attenuated in chronic heart failure [9] . Some studies have reported that cardiac myocytes can be derived from BM; specifically, side population precursor cells following induction of myocardial infarction (MI) by left anterior descending artery (LAD) ligation [10] [11] [12] . Contradicting these findings, other laboratories using genetic markers have reported that lineage negative, c-kit+ BM cells did not differentiate into cardiomyocytes [13] . It was also suggested that BM-derived stem cells may stimulate the small population of stem cells in the ischemic heart to proliferate and differentiate to enhance cardiac repair post-MI [14] . In a recent study transient regenerative potential in the mouse heart was demonstrated during the neonatal period [15] .
Low-level laser therapy (LLLT) has been found to modulate various biological processes [16, 17] , such as increasing mitochondrial respiration and ATP synthesis [18] , facilitating wound healing and promoting the process of skeletal muscle regeneration and angiogenesis [19] [20] [21] . In an experimental model of the infarcted heart in rats and dogs, it was demonstrated that LLLT application directly to the infarcted area in the heart at optimal power parameters significantly reduced scar tissue formation [22] [23] [24] . This phenomenon was partially attributed to a significant elevation in ATP content, heat shock proteins, vascular endothelial growth factor (VEGF), inducible nitric oxide (NO) synthase, and angiogenesis in the ischemic zone of the laser-irradiated rats, as compared to nonirradiated rats [25] .
The effect of photobiostimulation on stem cells or progenitor cells has not been extensively studied. LLLT application to normal human neural progenitor cells significantly increases ATP production in these cells [26] . LLLT delivery to MSCs and cardiac stem cells in vitro caused a significant enhancement in their proliferation rate [27, 28] . LLLT has also been shown to increase the proliferation rate of adipose-derived stem cells in vitro [29] . Recently, we demonstrated that LLLT application to autologous BM could induce mesenchymal stem cells (MSCs) in the BM to proliferate and cause their recruitment and specific homing in on the infarcted rat heart and not on other organs [30, 31] . The laser treatment to the BM also caused a marked and statistically significant reduction of 79% in the scarring and ventricular dilatation followed MI as compared to infarcted non-lasertreated rats. The aim of the present study was to investigate the possibility that induction of stem cells in the BM of rats by LLLT could also affect cardiogenesis in the infarcted rat heart.
MATERIALS AND METHODS

Experimental Procedures
A total of 21 Wistar male rats, weighing 200 -250 gr, that underwent ligation of the LAD artery to induce MI, were used as described by us previously [23] . All the experimental procedures were approved by the animal care committee of Tel-Aviv University. Briefly, rats were anesthetized with Avertin (1 ml/100 g body weight I.P.) and the lungs were ventilated. Thoractomy was performed by invasion of the intercostals muscles between the 5 th and 6 th rib to expose the heart. The LAD artery was occluded 2 mm from the origin with 5-0 polypropylene thread (Ethicon Inc., Cincinnati, OH). Following LAD artery occlusion the chest muscles and skin were sutured and the rats were ventilated until they woke up. The infarcted rats were divided randomly into two groups. In one group LLLT was applied directly to the BM 4 hrs, 48 hrs and 5 days post-MI (see below). The second group was non-laser-treated (the rat's bone was exposed for the same duration as the laser-treated group but the laser was not turned on). Food and water were supplied ad libitum. Rats were sacrificed 14 days post-MI.
Laser Application
After induction of MI rats were randomly assigned to a laser-treated or control non-laser-treated group. A diode (Ga-Al-As) laser, wavelength 804 nm with a tunable power output of maximum of 400 mW (Lasotronic Inc., Zug, Switzerland) for application to the BM was used. The laser device was equipped with a metal-backed glass fiber optic (1.5 mm diameter). An infrared viewer (Lasotronic Inc. Zug, Switzerland) and infrared-sensitive detecting card (Newport, Inc., Irvine, CA) were used to determine the infrared irradiation area. Laser application was done by a 10 mm longitudinal cut in the skin above the medial aspect, and further delicate cleaning of the bone surface was carried out. The tip of the fiber optic (1.5 mm diameter) was placed perpendicularly to the center of the exposed medial aspect of the tibia and power density of 10 mW/cm 2 was applied to the BM. The laser was applied for a duration of 100 sec (energy density 1.0 J/cm 2 ). Left or right exposed tibias were chosen at random for LLLT application. In sham-operated infarcted rats that served as control the tibias were exposed and the fiber optic was placed as described above but the laser beam was not turned on.
Histology and Electron Microscopy
A defined cross-section sample (2 mm thick) from the central part of the infarcted area was taken from all hearts for histology. Eight micron paraffin sections were prepared from the tissue samples of each heart. Infarct size was determined using Masson's trichrome staining as described by us previously [23] . Three observers, blinded to control or laser-treated rats, analyzed infarct size. Six microscopic slides from the infarcted area of each heart were chosen at random for determination of infarct size. Infarct size was expressed as the percentage of the total infarcted area relative to the total area of the left ventricle (LV) in each section, using image analysis software Sigma Scan Pro (Sigma, St. Louis, MO).
For electron microscopy three tissue samples from each of the control and laser-irradiated rat hearts were taken from the interphase zone between the infarcted and non-infarcted tissue by macroscopic examination. Fixation was performed in 3.5% glutaraldehyde in 0.1 M cacodylate buffer for 24 hrs followed by embedment in Epon-812. Semi-thin sections (1 micron) were prepared in order to localize the interphase zone. Thin sections were then prepared and stained with uranyl acetate and lead citrate followed by examination with a Jeol electron microscope.
Immunohistochemistry
The total number of cells immunostained for desmin (bone marrow cells or newly formed) in the infarcted area were determined using a desmin kit (Zytomed Laboratory, Berlin, Germany). The procedure was performed at room temperature with anti-mouse (dilution 1:25 -1:50) primary antibody for 60 min. Following washing, slides were incubated with HRP secondary antibody for mouse for 30 min followed by DAB Chromogen system (Covance Inc., Dedham). Slides were rinsed again in wash buffer, stained in Hematoxylin for nuclei detection, mounted and viewed using a Zeiss microscope equipped with a camera and video screen. The total number of desmin immunostained cells within the infarcted area was counted and their density expressed as the percentage of the total area of the infarct using SigmaPro software.
Flow Cytometry Analysis
Blood samples were taken 2 and 7 days post-IR injury for fluorescence-activated cell sorting (FACS) analysis. 100 µl of blood were mixed with different antibodies: anti-mouse CD117 (c-kit) PE (eBioscience San Diego, USA) and rat IgG2b isotype control PE (eBioscience San Diego, USA) and anti-rat macrophage marker PE (eBioscience San Diego, USA) and mouse IgG2a K isotype control PE (eBioscience San Diego, USA), were used for the FACS analysis according to the manufacturer's guidelines. Forty five min post incubation of the whole fresh blood with the relevant antibodies, 2 ml of Fix/Lyse solution (eBioscience, San Diego, USA) was added. After mixture the suspended cells were left for 60 min in the dark at room temperature. Centrifugation was performed for 10 min, supernatant was removed and washing of the pellet was performed with 2 ml of Flow Cytometry Staining Buffer Solution (eBioscience, San Diego, California, USA). After another centrifugation for 10 minutes the supernatant was decanted. The pellet containing mononucleated cells was resuspended in 200 µl of flow stain buffer for FACS analysis.
Statistical Analysis
The SigmaStat 2.0 (Sigma, St. Luis, USA) software was used for statistical analysis. Tests were performed first for normality distribution, followed by parametric (student's t-test) test.
RESULTS
Application of LLLT to the infarcted heart caused a significant (p = 0.049) reduction of 55% in infarct size as compared to control. The present of macrophages and ckit positive cells in the blood was determined by FACS analysis (Figure 1) . It was found that at 5 days post MI there was a statistical significant 2-fold higher concentration of macrophages and significant 1.4-fold higher c-kit positive cells (mesenchymal cells) in the laser treated rats as compared to the infarcted non laser treated rats. Desmin immunostaining of histological sections of the infarcted zone from laser-treated rats demonstrated a higher density of positively stained cells than in the non laser-treated ones (Figures 2-4) . In the interphase zone, cells extending from the myocardium towards the in farcted area showed higher immunostaining for desmin in the laser-treated rat hearts as compared to the control non-treated ones (Figure 2) . The cell density of desmin immune-positive cells was also determined quantitatively in histological sections of both the infarcted laser-treated rats and infarcted non-laser-treated rats. The cell density was significantly (p < 0.01) 3-fold higher in the infarcted area of the laser-treated rats as compared to the non-laser-treated controls (Figure 4) . The electron micrographs of all samples taken from the control non-laser-treated infarcted rat hearts revealed a typical interphase area between intact and infarcted heart (Figure 5(a) ). Adjacent to the non-ischemic intact myocardium there were conspicuous fibroblasts with collagen deposition dispersed among them (Figure 5(a) ). In all samples taken from the laser-irradiated hearts the interphase zone between intact and infarcted area demonstrated different characteristics to those of the non-lasertreated infarcted rat hearts. Cells with newly-formed organized contractile myofilaments dispersed in the cytoplasm were detected in groups of several cells ( Figure  5(b) ). In these cells numerous mitochondria, clusters of ribosomes, and conspicuous clusters of contractile proteins were evident in the cytoplasm (Figures 6-8) . Some cells contained dispersed contractile myofilaments in the cytoplasm that were still in an early stage of organization (Figure 6 ). The organization of newly-formed contractile myofilaments in the cytoplasm was observed in various degrees of maturation in those cells. In some cells the myofilaments were dispersed in the cytoplasm and in others they were organized in clusters anchored to welldeveloped Z-lines (Figure 7(a) ). In certain cells the myofilaments were organized parallel to the longitudinal direction of the cells, resembling the morphological characteristics of mature intact cardiomyocytes (Figure 7(b) ). Some of the cells were also seen in a process of formation of typical intercalated disc between them (Figure 9 ).
DISCUSSION AND CONCLUSION
The most significant outcome of this study was the appearance of newly-formed cardiomyocytes following laser treatment to the BM, as indicated by light and electron microscopy. There was a 3-fold increase in the density of desmin immunostained cells in the infarcted rat hearts that had been laser treated. Desmin is a protein found in the cytoplasm of developing myocytes and cardiomyocytes [32] . The significantly higher occurrence of desmin-positive cells in the infarcted area of the lasertreated hearts may indicate the synthesis of new contractile proteins in the developing new cardiomyocytes, resembling the process that takes place during embryonic development. The ultrastructural features of the cells in the interphase between the intact myocardium and the infarcted myocardium of the laser-treated rats, as shown in this study, clearly resemble the characteristics of cardiomyocytes during embryonic development of the heart [33] . Furthermore, the clusters of ribosomes and the numerous clusters of mitochondria in the cytoplasm of these cells may characterize cells that are active in the synthesis of proteins. It was previously demonstrated that direct LLLT to the infarcted hearts of rats, dogs and pigs caused a significant reduction of scarring post-MI [23, 24] . It was suggested that part of this reduction could be explained by the regenerative response that takes place in the interphase zone [24] .
The results of the present study indicate that the LLLT applied to autologous BM attenuates the concentration of macrophages and MSC in the circulating blood. We have previously shown that LLLT application to the BM of infarcted rats caused a 2 fold enhancement in the rate of proliferation of MSC in the BM [30] . Those cells that most probably leave the BM to the circulating blood indeed show a significant elevation of their concentration (as reveled by the FACS analysis in the present paper) at 5 days post MI. Consequently these cells probably home in on the infarcted heart, and even migrate specifically to the infarcted area [30] . These cells may induce cardiac stem cells to differentiate to newly-formed cardiomyocytes, as suggested previously by Hatzistergos et al. [14] . Indeed, it was found that endogenous c-kit+ cardiac stem cells were increased by 20-fold in the rat infarcted heart compared to control, following transcardial injection of BM-derived MSCs [14] . Such induction may be enabled due to paracrine secretion of various growth factors by the laser-stimulated MSC that originated from the BM. The possibility that paracrine secretion occurs in implanted stem cells during cell therapy to the heart post-MI has been suggested previously [34] . Another mechanism that may take place after homing of stem cells to the infarcted heart of the laser-stimulated rats is that these cells continue to proliferate in the appropriate milieu of the interphase zone in the infarcted heart and then differentiate to cardiomyocytes [30] . Another possible mechanism that maybe associates with the reduction of infarct size is the significant increase in the concentration of macrophages in the circulation following LLLT to the BM as revealed from the FACS analysis in the present study. These findings corroborate with studies indicating that macrophages activity in the infarcted area at early stages post MI cause reduction of scarring post MI [35, 36] . Thus, it could be postulated that more macrophages that will eventually home in the infarcted area from the circulating blood in the laser treated rats will also contribute to the reduction of scarring.
Although the findings of the present study do not indicate the extent of regenerative capacity of the rat infarcted heart post-laser-irradiation, they do reveal a shift from practically no cardiomyocytes in the tissue samples taken from the non-laser-treated hearts, to the presence of newly-formed cardiomyocytes in all the electron microscope sections taken from the hearts of rats that are laser-treated to the BM.
In conclusion, to the best of our knowledge, this is the first study to demonstrate the appearance of newly-formed cardiomyocytes in the infarcted area following LLLT to autologous BM in the infarcted rat heart. The mechanisms associated with this phenomenon remain to be elucidated in further studies.
